Nonlinear biomedical imaging has not benefited from the well-known techniques of fiber supercontinuum generation for reasons such as poor coherence (or high noise), insufficient controllability, low spectral power intensity, and inadequate portability. Fortunately, a few techniques involving nonlinear fiber optics and femtosecond fiber laser development have emerged to overcome these critical limitations. These techniques pave the way for conducting point-of-care nonlinear biomedical imaging by a low-maintenance cost-effective coherent fiber supercontinuum laser, which covers a broad emission wavelength of 350-1700 nm. A prototype of this laser has been demonstrated in label-free multimodal nonlinear imaging of cell and tissue samples.
INTRODUCTION
Many scientists and engineers strive to develop in vivo label-free nonlinear optical imaging for clinical and translational applications. To this aim, it is informative to compare the evolution of the nonlinear optical imaging with that of a competing 3-D imaging technology, i.e., optical coherence tomography. Optical coherence tomography was invented in 1991. Since the transformation of time-domain scheme into spectral-domain scheme around 2003, optical coherence tomography has found widespread clinical applications, including the diagnosis of eye as the main example. In parallel, nonlinear optical imaging based on two-photon excitation florescence was invented in 1990, about the same time when optical coherence tomography emerged. Since then, active research efforts have enabled a wide variety of nonlinear optical imaging techniques, which rely not only on fluorescence, but also on Raman vibration, coherent control, and molecular absorption. All these nonlinear techniques have molecular sensitivity and histological resolution, the key advantages that are missing in optical coherence tomography. However, the clinical applications of nonlinear optical imaging are relatively limited, raising the question of what has served as the limiting factor for this technology.
One tempting answer is the high cost or low portability of Ti:sapphire based ultrafast lasers employed by nonlinear optical imaging, in comparison to the superluminescence diode typically used in optical coherence tomography. Strictly speaking, this is not correct because more expensive or bulk imaging modalities, such as MRI, have found wide clinical applications. We note that clinical optical imaging requires the delivery of excitation light from the sources to various application-dependent imaging probes, including endoscopes, catheters and handheld probes. These probes demand fiber-optic form to flexibly access different tissue sites. In optical coherence tomography that employs an all-fiber source, this delivery involves standard fiber-fiber connection, so that no optical alignment is needed. In nonlinear optical imaging, however, this delivery requires an intermediate optical breadboard or table for free-space-to-fiber coupling, so that routine optical alignment is necessary. This sharp contrast implies that a clinical staff of optical coherence tomography can focus on biomedical applications, while that of nonlinear optical imaging must take additional role of laser engineer, which is unrealistic in a hospital environment. Thus, the correct answer to the above question is the lack of an all-fiber optical source in nonlinear optical imaging. Switchable coherent fiber supercontinuum laser
Basic idea
Our solution to overcome this limitation follows the nature evolution of fiber-based ultrafast sources for nonlinear optical imaging. Initially, high-power mode-locked femtosecond fiber lasers were commercialized to replace the Ti:sapphire lasers. However, the final stage of these lasers is fundamentally limited to free-space pulse delivery, which cancels the advantage of fiber format. Also, the emission wavelengths of these lasers are limited to some discrete wavelengths of gain dopants (e.g., 1050 nm, 1550 nm, 2000 nm). Later, supercontinuum fiber lasers were commercialized to overcome these two critical limitations of narrowband fiber lasers, and have attained fiber delivery and broad continuous spectral coverage. Unfortunately, the coherence or noise property of the output is compromised.
We note that such supercontinuum fiber laser consists of one ultrafast Yb fiber pump laser and one spliced photonic crystal fiber. Thus, a natural evolution of the laser would lead to a configuration consisting of one pump laser and multiple photonic crystal fibers (Fig. 1) . Instead of splicing the pump laser with one specific fiber, this configuration employs plug-and-play fiber connection to enable switching of different fibers, and at the same time, retain the fiber delivery benefit (Fig. 1 ). We assume that by the use of multiple photonic crystal fibers, tailored supercontinuum components with high coherence and low noise may be generated. This envisioned laser is therefore termed as "switchable coherent fiber supercontinuum laser". Figure 1 . Natural evolution of fiber supercontinuum laser
Research strategy
The seemly challenging task of source development can be decomposed into three rather independent subtasks (Fig. 2) . First, the all-fiber picosecond Yb laser, which has been used as the pump laser in commercial supercontinuum fiber lasers, must be modified to produce femtosecond pulses. Shortening the fiber-delivered pulses from picosecond regime to femtosecond regime is not trivial, as discuss below, but is necessary to improve the coherence of the supercontinuum. Second, the feasibility of "switchable coherent fiber supercontinuum" must be demonstrated at the absence of the allfiber femtosecond Yb laser under development, preferably by the use of a comparable solid-state free-space femtosecond Yb laser. The resulting laser is thus termed as "switchable coherent supercontinuum hybrid (free-space-fiber) laser". Third, the free-space femtosecond Yb laser and its free-space accessories (mirrors, fiber launchers, etc.) in the hybrid laser are replaced by the all-fiber femtosecond Yb laser and the plug-and-play fiber connectors, resulting in a switchable coherent supercontinuum all-fiber laser. 
SOURCE DEVELOPMENT

Subtask 1
There have been numerous designs of mode-locked femtosecond Yb fiber lasers. The fiber laser developed in this study produces 7.3-nJ 297-fs pulses at 28.8 MHz repetition rate [1] , which are rather moderate from the viewpoint of pulse specifications. However, there are three unique features that make this laser standalone, and significantly improve the performance in a challenging environment. First, this laser can withstand a temperature ramp from 10 to 40 degree Celsius, without dropping the mode-locked operation (Fig. 3) . The superior resistance to thermal disturbance can be attributed to the self-stabilized mode-locking enabled by a dispersion-engineered all-solid photonic crystal fiber in the laser cavity [2] (Fig. 3) . Second, all components of the laser are polarization-maintaining and spliced together, leading to a "monolithic" laser that is immune to mechanical disturbance. Third, the output fiber of the laser is a hollow-core photonic bandgap fiber that can resist intense pulses with no undesirable nonlinear distortion (Fig. 3) . The fiber delivery is enabled by splicing the hollow-core fiber directly to the solid-core output fiber of the laser with a small loss [3] . 
Subtask 2
Although the theory that governs the supercontinuum generation in various photonic crystal fibers is quite complicated, the corresponding experimental setup is surprisingly simple. Once the free-space beam from the solid-state femtosecond Yb pump laser is coupled into a photonic crystal fiber, the power, spectrum, and spatial distribution of the supercontinuum output can be easily measured. Under a specific condition, visible emission with Gaussian type spatial pattern can be generated at an isolated frequency up-shifted band of the pump laser [4] . By switching the photonic crystal fiber under pumping, emission of different colors can be produced, even though all the fibers are made of pure silica glass. Such emission has been attributed to Cherenkov radiation [5] . Thus, the multiple fibers offer the fixedwavelength Yb pump laser the tunability in the UV-visible region, with pulse properties suitable for nonlinear optical imaging (Fig. 4) . Similarly, under another condition, Raman soliton can be generated at an isolated frequency downshifted band of the pump laser (Fig. 4) . In contrast to the case of Cherenkov radiation in which different fibers are switched, the tunability of the Raman soliton is enabled by switching the same fiber with different lengths [6] . These fiber segments of different lengths offer the fixed-wavelength Yb pump laser the tunability in the infrared region, with pulse properties suitable for nonlinear optical imaging.
The nonlinear wavelength conversion based on Cherenkov radiation and Raman soliton has been known to preserve the coherence with the pump. Thus, they behave effectively like an optical parametric oscillator (Fig. 4) . The remaining task is to generate coherent supercontinuum in the neighborhood of the pump laser, corresponding to the near-infrared spectral range between Cherenkov radiation and Raman soliton that is of central importance to nonlinear optical imaging. This can be achieved by pumping an all-normal dispersion photonic crystal fiber to produce a unique supercontinuum, whose spectral features can be theoretically quantified [7] [8] [9] . The coherence of the supercontinuum is validated by its capability of transform-limited pulse compression [10, 11] . The theory predicts that the second harmonic generation of the fringed supercontinuum will have a smooth Gaussian-like spectrum, which is confirmed experimentally [10, 11] . Thus, the theoretically quantified supercontinuum behaves effectively like a ultra-broadband sub-10 fs Ti:sapphire laser, or a widely tunable 100 fs Ti:sapphire laser if spectral filtering is employed (Fig. 4) . 
Subtask 3
The previous two subtasks have demonstrated the feasibility of building the proposed laser. To integrate the two systems into an all-fiber system, the free-space pump laser and its accessories must be replaced with the monolithic laser, with the assumption that the more complicated pulses from the monolithic laser would not dramatically modify the fiber supercontinuum generation (Fig. 5) . This is indeed the case, as confirmed by the implementation of the all-fiber Cherenkov radiation source [12] . This experiment implies that the bridge fibers between the monolithic laser and the supercontinuum-generating fiber can be separated to include a standard fiber-to-fiber connection (Fig. 5) , so that the proposed switchable coherent supercontinuum all-fiber laser can be built. This laser converts ~1040 nm femtosecond pump pulses to a targeted wavelength anywhere inside 350-1700 nm spectral region. Because of broad spectral coverage, full coherence, and fiber format, it may significantly advance clinical nonlinear optical imaging. To demonstrate this possibility, we focus on multimodal nonlinear microscopy using the coherent supercontinuum below. 
Multimodal nonlinear microscopy by coherent supercontinuum
We conduct co-registered imaging of two-photon autofluorescence (TPAF), second-harmonic generation (SHG), and third-harmonic generation (THG) on the normal mammary tissue and mammary tumor tissue from a specific rat, using the sub-10 fs of the coherent supercontinuum (Fig. 6 ). Different modalities produce noticeably different contrasts. For example, the TPAF image of the normal tissue reveals stripe-like connective tissue, which is absent in the corresponding SHG images. On the other hand, the SHG image of the tumor tissue reveals collagen network, which are not present in the corresponding TPAF images (Fig. 6) . Thus, the coherent supercontinuum can be used as a sub-10 fs Ti:sapphire laser in multimodal nonlinear microscopy. Red (620 ± 26 nm)
Selective two-photon excitation fluorescence microscopy by filtering coherent supercontinuum
We also note that filtered components of the supercontinuum can be used to selectively excite a green fluorescent protein or a red dye inside fibroblast cells, with small crosstalk [13] . Thus, the supercontinuum source can be used as a tunable 100-fs Ti:sapphire laser. The dramatic improvement of signal-to-noise ratio by compressing the filtered supercontinuum components confirms the coherent nature of the supercontinuum. 
SUMMARY AND PERSPECTIVES
The last decade has witnessed an increased application of femtosecond (or picosecond) solid-state lasers and closely related optical parametric oscillators (or amplifiers) in label-free biomedical imaging. Representative techniques include multiphoton autofluorescence, stimulated Raman scattering, stimulated emission, and nonlinear absorption. With the rapid advancement of ultrafast spectroscopy, similar molecular specific nonlinear imaging techniques will continue to emerge. However, ultrafast solid-state lasers are often bulky, expensive, and alignment-sensitive, restricting these techniques to dedicated optical laboratories. Also, daily laser operation demands training and experience far beyond that of regular clinical staff. To translate these techniques to the clinic (e.g., point-of-care diagnosis and imaging), there is a critical need to replace the solid-state lasers with portable, low-cost, low-maintenance, and environmentally-stable fiber lasers. To address this key limitation, we have developed a supercontinuum source based on dispersion-engineered photonic crystal fibers, which converts 1040 nm femtosecond pulses (pump) to a targeted wavelength (signal) anywhere inside the UV-visible-IR region of 350-1700 nm. In sharp contrast to traditional supercontinuum generation that loses coherence between the pump and signal, this source preserves the coherence, and thus behaves like a fiber analogue of ultrafast Ti:sapphire lasers or optical parametric oscillators. The demonstrated frequency conversion of a fixed-wavelength ultrafast fiber laser facilitates the envisioned clinical translation of this coherent fiber supercontinuum source for nonlinear biomedical imaging. The feasibility of multimodal nonlinear microscopy using the coherent supercontinuum output has also been demonstrated. In the near future, because the fiber delivery of ultrashort pulses makes this source compatible with handheld probe and endoscope/catheter, this source is expected to be applicable to a wide variety of clinical and translational imaging applications.
